nitrosodibutylamine (NDBA) was investigated in cultured hepatocytes isolated from untreated, phenobarbital (PB)-and pyridine (PYR)-pretreated rats. Pretreatment of rats with PB caused a 10-fold increase in the sensitivity of hepatocytes to the cytotoxic actions of NDPA, NBPA and NDBA as measured by trypan blue exclusion, whereas PYR pretreatment increased the sensitivity of hepatocytes to NDPA and NBPA, but not to NDBA. This elevated sensitivity correlated well with increased 7-pentoxyresorufin depentylase activity catalyzed by P450 2B1 in cultures from PB-pretreated rats and enhanced p-nitrophenol hydroxylase activity of P450 2E1 in cultures of hepatocytes from PYR-pretreated rats. Unscheduled DNA synthesis showed that DNA damage-repair was significantly increased in freshly isolated hepatocytes from PB-and PYR-pretreated rats. With increasing time in culture, however, there was a marked reduction in the DNA damage repair response, concomitant with a decrease in the cytotoxicity of NDPA, NBPA and NDBA in primary cultures of hepatocytes. Coincident with this, a rapid loss in the specific activities of P450 2B1 and 2E1 was detected during the first 48 h in all primary cultures. Although Nnitrosodimethylamine (NDMA), used as a positive control, produced high nuclear grain counts in cultures from PYRpretreated rats, the toxic effect of NDMA in rat hepatocytes was much weaker than that observed with NDPA, NBPA and NDBA. This result suggests that the type of DNA damage or repair efficiency induced by NDPA, NBPA or NDBA might differ from that due to NDMA.
Introduction
Although the biochemical and molecular mechanisms for the carcinogenicity of iV-nitrosamines remain unclear, it is generally believed that the initial step in metabolic activation involves enzymatic dealkylation of nitrosodialkylamines to yield very reactive electrophilic alkylating agents capable of reacting with nucleophilic sites on DNA, subsequently causing DNA lesions (1,2). An increasing amount of evidence has demonstrated an important role for cytochrome P450-dependent mixed-function oxidases in bioactivation of nitrosodialkylamines with short alkyl chains in a variety of species, including humans (3, 4) . For example, cytochrome P450 2E1, the ethanol and pyridine inducible isoform, has been shown to mediate the cytotoxicity, mutagenesis and genotoxicity of N-nitrosodimethylamine (NDMA*), the shortest and simplest nitrosodialkylamine, in bacteria (5), V79 cells (6) , the NIH 3T3 cell line (7) and in rat perivenous hepatocytes (8) . However, there is little information on the identity of the cytochrome P450 isozymes responsible for the cytotoxicity and genotoxicity induced by nitrosodialkylamines with longer alkyl chains.
N-Nitrosodipropylamine (NDPA) and A'-nitrosodibutylamine (NDBA), two long chain nitrosodialkylamines, are potent mutagens and carcinogens (3) . They are widely distributed in foodstuffs, drinks and the occupational environment, as well as being readily found endogenously, resulting in the potential for significant human exposure (9, 10) . Since the rat liver is a common target organ for the carcinogenic effects of NDPA and NDBA (11), we have previously studied the metabolism of NDPA, NDBA and yV-nitroso-n-butyl-n-propylamine (NBPA), an asymmetric nitrosodialkylamine, using rat liver microsomes, as well as in a reconstituted system using purified cytochrome P450 isoforms (L.Shu and P.F.Hollenberg, manuscript in preparation). The data obtained from metabolic studies revealed that oxidative dealkylation of NDPA, NBPA and NDBA is mediated by cytochrome P450 isozymes. We have established that cytochrome P450 2B1 is a major enzyme responsible for the /V-dealkylation of NDPA, NBPA and NDBA and P450 2E1 specifically catalyzes demethylation and depropylation of NDPA and NBPA but has little or no activity in the metabolism of NDBA. On the other hand, induction of forms of rat liver cytochrome P450 from the 1 A, 3A and 4A families results in no activity or suppresses metabolism of NDPA and NDBA (L.Shu and P.F.Hollenberg, manuscript in preparation). The substrate specificity of individual P450 isozymes for metabolism of nitrosodialkylamines suggests a possible relationship between enzymatic activity of a specific P450 isozyme and the genotoxic damage due to a specific longer chain nitrosodialkylamine.
In an attempt to investigate whether the genotoxicity and the possibly associated cytotoxicity of NDPA, NBPA and NDBA for their target organs, e.g. liver, are mediated by the metabolic activities of specific P450 isozymes, we carried out DNA damage and repair studies using freshly isolated and primary cultured hepatocytes as model systems. Since the structural and functional organization of isolated hepatic cells is essentially intact and they are free of other cell populations, freshly isolated non-proliferating hepatocytes offer a realistic end-point for carcinogenic determination (12) . They also provide an advantage for the analysis of DNA damage and repair, measured as unscheduled DNA synthesis (UDS), which may be used as a direct indicator for the interaction of reactive metabolites of NDPA, NBPA and NDBA with DNA. The rapid loss of cytochrome P450 enzymatic activity, with no evidence for subsequent restoration of activity, has been well documented in adult rodent hepatocytes cultured on type I collagen (12, 13) . This decline appears to be selective for cytochrome P450, in that the activities of a number of other microsomal enzymes are maintained at the initial levels for at least 2 days (13, 14) . Therefore, we took this opportunity to investigate the relationship between the level and/or activity of specific P450 isozymes and the cytotoxic and/or genotoxic potency of NDPA, NBPA and NDBA for both freshly isolated and primary cultured hepatocytes without using inhibitory antibodies or chemical inhibitors of cytochrome P450s, which could be toxic toward cultured rat hepatocytes, to ablate P450 catalytic activity.
In this study, therefore, we assessed and compared the genotoxicity and cytoxicity of NDPA, NBPA and NDBA in freshly isolated and primary cultured hepatocytes, focusing on the role of specific P450 isozymes in the metabolic activation and consequent genetic injury caused by these nitrosamines. Hepatocytes were isolated from rats pretreated with either phenobarbital (PB) or pyridine (PYR), known to induce P450 2B1 and 2E1, respectively (15, 16) . UDS was detected by autoradiography, monitoring incorporation of [ 3 H]thymidine into DNA during DNA repair synthesis. Changes in the levels of P450 2B1 and 2E1 were measured by immunoquantitation and the specific P450-dependent dealkylation activities were determined by enzyme activity assays. The relationships between activity/level of specific P450 isozymes, metabolic activation of NDPA, NBPA and NDBA and their ability to induce DNA damage and repair in different cultures of rat hepatocytes are discussed.
Materials and methods
Chemicals NDMA (99% pure), NDPA (99% pure), NBPA (99% pure), NDBA (99% pure), hydroxyurea, penicillin/streptomycin, fetal bovine serum, insulin, collagenase type IV, p-nitrophenol and NADPH were purchased from Sigma Chemical Co. (St Louis, MO). Purified collagen (Vitrogen 100) was obtained from Celtrix Pharmaceuticals Inc. (Santa Clara, CA). Williams' medium E (WME) with L-glutamine was a product of Life Technologies Inc. (Gaithersburg, MD). [Methyl-
3 H]thymidine (specific activity, 68 Ci/mmol) was purchased from ICN Pharmaceuticals Inc. (Irvine, CA) and 7-pentoxyresorufin from Molecular Probes (Eugene, OR). Chemicals and the emulsion (NTB-2) for autoradiography were bought from Eastman Kodak (Rochester, NY). All other chemicals were of the highest purity available commercially.
Animal treatment
Adult male Fischer 344 rats from Harlan Co. (Indianapolis, IN) weighing 250-300 g were used for the preparation of hepatocytes. Treated rats were given either 0.1% PB in the drinking water for 10 days or were administered PYR by i.p. injection (100 mg/kg/day) for 3 consecutive days. Control rats did not receive any treatment.
Hepatocyte isolation and culture conditions
Hepatocytes were isolated using the two-step in situ collagenase perfusion procedure described by Schuetz el al. (17) . The viability of the freshly isolated hepatocytes, assessed by exclusion of trypan blue, ranged from 89 to 93%. Following isolation, the hepatocytes were suspended in WME supplemented with 5% fetal bovine serum, penicillin/streptomycin (100 U/ml, 100 Hg/ml) and 1 |ig/ml insulin as the only hormone. Aliquots of the cell suspension (1.2X10 5 cells) were inoculated onto collagen-coated 18 mm round glass coverslips preplaced in 35 mm tissue culture dishes for determination of both cytotoxicity and UDS. In the case of the 24 and 48 h primary cultures used for preparation of hepatocyte microsomes, hepatocytes were plated into 100 mm tissue culture plates precoated with collagen at a cell density of 6X10 6 cells/5 ml WME. After 1.5 h attachment at 35°C in humidified air with 5% CO 2 , non-viable cells were removed by a medium change. The culture media were routinely renewed at 24 h intervals with serum-free WME.
Exposure of hepatocytes to nitrosamines
Freshly isolated hepatocytes were allowed to attach for 1.5 h before treatment with nitrosodialkylamines, which was defined as time zero. NDMA and NDPA were dissolved in 50% acetonitrile. NBPA and NDBA were dissolved in 100% acetonitnle. All nitrosamines examined were added in 2 nl aliquots so that the concentration of acetonitrile in the medium was =s0.2% (v/v). Cultured hepatocytes were exposed to a broad dose range of NDMA, NDPA, NBPA or NDBA in 1 ml serum-free WME containing 0.5 |iCi/ml [methyl- 3 H]thymidine and 10 mM hydroxyurea. To determine the TC50 value (the concentration of each test nitrosamine causing a 50% decrease in cell viability) of NDMA, NDPA and NBPA, concentrations of 0.01, 0.1, 1, 2, 3, 4 and 5 mM were used in cultures from untreated rats and 0.01, 0.1, 0.25, 0.5, 1, 2 and 3 mM were used in cultures from PB-or PYR-pretreated rats. The concentrations used for determination of TC50 values of NDBA in cultures from untreated and PYR-pretreated rats were 0.01, 0.1, 0.25, 0.5, 1, 2 and 3 mM, while in cultures from PB-pretreated rats the doses of NDBA used were 0.01, 0.025, 0.05, 0.1, 0.25, 0.5 and 1 mM. Control cultures received acetonitrile alone. Following this, all cultures were incubated for 24 h in duplicate before analysis for cytotoxicity and UDS. Each experiment was repeated at least three times.
Unscheduled DNA synthesis DNA repair induced by the test nitrosamines was detected by autoradiography according to the method of Williams (18), with some modifications. Briefly, at the end of the exposure to the nitrosamine dishes, were washed twice with phosphate-buffered saline (PBS). The cells were swollen by incubation at 35°C in 3 ml hypotonic KC1 (0.075 M) solution for -45 min or until the cells on the coverslips were visibly bloated, to release any [ 3 H]thymidine incorporated into the cytoplasm. After washing three times with PBS the nuclei were fixed with methanol:acetic acid (3:1) using three 15 min changes. Air-dned coverslips were mounted on glass slides and then coated with NTB-2 photographic emulsion and stored in light-proof boxes for 2 weeks at 4°C. Autoradiographs were developed with D-19 and stained with hematoxylin. Nuclear grains were quantified by counting the number of grains in the nuclei of 100 consecutive cells and subtracting the grains over an equal sized area in the cytoplasm.
Preparation of rat hepatocyte microsomes
The time zero (J o ) samples of hepatocyte microsomes were prepared from an aliquot containing one third of the freshly isolated hepatocytes from a single rat. The rest of the cells were cultured and harvested at 24 h intervals. The 24 (r 24 ) and 48 h (i 48 ) microsomal samples were obtained from pooled cells from 30 primary culture dishes as described by Schuetz et al. (19) . The pooled cells were precipitated by centnfugation at 1000 g for 3 min. Cell pellets were resuspended in homogenization buffer, consisting of 0.1 M potassium phosphate, pH 7.3, 0.15 M KC1, 1 mM EDTA, 0.25 mM phenylmethylsulfonyl fluoride, and lysed by brief sonication on ice (2X20 s). Microsomes were prepared by differential centrifugation (20) and stored at -80°C in microsomal suspension buffer containing 0.1 M potassium phosphate, pH 7.4, 1 mM EDTA, and 20% glycerol. Microsomal protein concentrations were determined using the BCA (Pierce) assay (21) . lmmunoblotting Immunoblots were performed on /Q, t^a, and 14$ hepatocyte microsomes. SDS-PAGE and electrophoretic transfer of the proteins from polyacrylamide gels to nitrocellulose membranes were performed as described by Towbin et al. (22) . Samples containing 20 or 40 u.g protein were mixed with 2% SDS sample buffer, boiled for 3 min at 100°C and run on 3% stacking and 7.5% separating gels. The resolved proteins were transferred electrophoretically onto nitrocellulose membranes (0.45 urn) using a transfer buffer consisting of 25 mM Tris, pH 8.3, 192 mM glycine, 1.3 mM SDS, and 10% (v/v) methanol. After transferring for 1 h at 100 V at IO°C, non-specific binding sites on the nitrocellulose membrane were blocked overnight by immersing the membranes in Tris-buffered sahne-Tween 20 (TBST), pH 7.6, containing 5% (w/v) non-fat milk powder at room temperature with shaking. The nitrocellulose membranes were subsequently incubated with either rabbit antirat P450 2BI or goat anti-rabbit P450 2E1 antibody for 2 h and then reacted with the secondary antibody, goat anti-rabbit IgG coupled to horseradish peroxidase (BioRad), for I h at room temperature. After three 10 min washes with TBST, the immunocomplexes were incubated with enhanced chemiluminescence (ECL) detection reagents (Amersham) for 1 min and exposed to Hyperfilm-ECL (Amersham) for 2-5 s.
Determination of cytochrome P4S0 content
Measurement of total content of cytochrome P450 was performed as described by Omura et al. (23) using a DW-2 spectrophotometer (American Instrument Co. Silver Spring, MD). Collection of spectra and statistical evaluation of the results were carried out using the OLIS spectroscopy operating system (OnLine Instrument Inc., Bogart, GA).
Enzyme activity
Hepatic microsomal 7-pentoxyresorufin O-depentylase activity was determined according to the method of Burke el al. (24) using an SLM/Aminco 500C spectrofluorometer with excitation and emission wavelengths of 522 and rV-Nitrosamlne bioactivation by P4S0 586 nm, respecuvely. p-Nitrophenol hydroxylase activity was measured as described by Koop (25) .
Statistical evaluation of the results
Statistical evaluation of the results was performed using Student's r-test. Differences were considered statistically significant at P < 0.05.
Results
The cytotoxicity of NDMA, NDPA, NBPA and NDBA for rat hepatocytes was first examined in order to establish the concentration of each test nitrosodialkylamine causing a 50% decrease in cell viability (TCSQ) for use in the subsequent UDS study. The TC50 values were calculated from dose-response curves of percent survival (Figure 1 ). NDMA, which is cytotoxic and genotoxic in both human and rat hepatocytes (26, 27) , was used as the positive control for these studies.
Evaluation of NDPA, NBPA and NDBA cytotoxicity in t 0 primary cultures of rat hepatocytes
We have previously identified cytochrome P450 2B1 and 2E1 as the two primary isozymes involved in the metabolism of NDPA, NBPA and NDBA (L.Shu and P.F.Hollenberg, manuscript in preparation). For these studies we pretreated rats with either PB, to induce expression of cytochrome P450 2B1, or with PYR, to enhance cytochrome P450 2E1 expression (28) . The cytotoxic effects of NDMA, NDPA, NBPA and NDBA on freshly isolated hepatocytes were assessed after the cells were exposed to a wide range of concentrations of the nitrosodialkylamines for up to 24 h in serum-free WME. The 24 h exposure time was used since there was no evidence of diminished cell viability before 20 h of exposure. Cell viability was determined by the exclusion of trypan blue dye, rather than by the extent of lactate dehydrogenase leakage, because the plating density (1.2X10 5 cells/coverslip) used for these studies was too low to result in measurable lactate dehydrogenase leakage. The TC50 values for NDMA, NDPA, NBPA and NDBA are shown in Table I . These values varied markedly depending on the pretreatment of the rats. Freshly isolated hepatocytes from PB-pretreated rats were 10-fold more sensit- ive to the cytotoxic actions of NDPA, NBPA and NDBA than freshly isolated hepatocytes from untreated rats. At a concentration of 2X10"* M, NDBA killed -50% of the cells in freshly isolated hepatocytes from untreated rats, but it caused >60% cell death in freshly isolated hepatocytes from PB-pretreated rats at the same concentration. This increase in sensitivity was also observed in cultured hepatocytes isolated from PYR-pretreated rats. Pretreatment of rats with PYR significantly increased the severity of NDPA and NBPA cytotoxicity and even more markedly increased the sensitivity of the hepatocytes to cytotoxic damage caused by NDMA. However, pretreatment with PYR failed to increase NDBAinduced cell death under identical culture conditions.
Evaluation of NDPA, NBPA and NDBA cytotoxicity in t 24 primary cultures of rat hepatocytes
Although pretreatment of rats with PB or PYR increased the sensitivity of hepatocytes in primary cultures to the toxicity of the nitrosamines under investigation, all of the primary Table I Freshly isolated hepatocytes were allowed to attach for 1.5 h before treatment with nitrosamines, which was defined as time zero. After exposure to a series of concentrations of the test nitrosamines, cultures were incubated for 24 h at 35°C. The percentages of viable cells were assessed by trypan blue exclusion. Data are taken from at least three separate experiments with each point determined in duplicate. The TC50 values were calculated from dose-response curves of percent survival. •^D, n = 6. 'Significantly different from untreated microsomes (P < 0.01 by Student's (-test). Significantly different from untreated microsomes (P < 0.05 by Student's /-test).
Freshly isolated hepatocytes were allowed to attach for 1.5 h before the medium was changed, which was defined as time zero. After incubation at 35°C for 24 h, the hepatocytes were exposed to a series of concentrations of the test nitrosamines and then incubated for an additional 24 h. Concentration QJM) cultures of hepatocytes became less sensitive to the cytotoxicity of NDMA, NDPA, NBPA and NDBA with increasing time in culture. As shown in Table n , after exposure of cells to the same dose range of the four nitrosamines, cytotoxicity for each nitrosamine significantly decreased in 48 h primary hepatocyte cultures and the percentages of surviving cells in the 48 h primary cultures increased from 20 to 25% as compared with cell viability measured in cultures of freshly isolated hepatocytes. At 3X10" 4 M, NDPA caused a 50% reduction in viable trypan blue-excluding cells in a 48 h primary culture prepared from a PB-pretreated rat, but caused an ~70% loss of cell viability in freshly isolated hepatocytes from the same rat. An increase in morphological changes as a result of toxic damage by NDPA, NBPA and NDBA in freshly isolated rat hepatocytes over those seen in primary hepatocyte monolayers was also evident using phase contrast microscopy. Fewer cells in the 48 h primary cultures detached and most of the cells maintained cell-cell contact upon 20 h exposure to NDMA, NDPA, NBPA or NDBA.
Genotoxicity of NDPA, NBPA and NDBA in t 0 primary cultures of rat hepatocytes
The data for the UDS assays were obtained by autoradiographic analysis of [ 3 H]thymidine incorporation into nuclear DNA when DNA damage induced by NDPA, NBPA and NDBA was repaired. Detection of the genotoxicity of NDPA, NBPA and NDBA involved the use of freshly isolated and primary cultured hepatocytes from untreated and pretreated rats, with NDMA as a positive control. Although UDS elicited by NDMA, NDPA, NBPA or NDBA was dose dependent, the studies on dose dependency were limited because of the cytotoxic properties of these nitrosodialkylamines.
The DNA damage-inducing abilities of NDMA, NDPA, NBPA and NDBA in hepatocyte cultures were significantly affected by pretreatment of rats with PB or PYR. In hepatocyte cultures from untreated rats NDMA and NDPA induced low, but measurable, UDS at concentrations of 1X10" 5 to 1CT 4 M, whereas in the same batch of hepatocytes there was no statistically significant UDS induced by NDBA at the same concentrations (Figure 2A) . However, the UDS-inducing activity of NDPA, NBPA and NDBA was greatly increased in hepatocytes isolated from PB-pretreated rats ( Figure 2B ). In the concentration range 1X10" 7 to 10~5 M, which did not induce cytotoxicity, NDBA produced maximum amounts of UDS (31.82 ± 5.22^16.67 ± 4.89 grains/nucleus) in cultures from PB-pretreated rats. In contrast, hepatocytes from PBpretreated rats showed no increase in sensitivity to NDMA, even at concentrations as high as 3X 10~3 M. This insensitivity to NDMA suggests that hepatocytes isolated from PB-pretreated rats lack the specific P450 isozymes responsible for bioactivation of NDMA. Although PB pretreatment had little or no effect on the UDS-inducing activity of NDMA, the ability of NDMA to damage DNA was remarkably enhanced in cell cultures from PYR-pretreated rats ( Figure 2C ). The enhancement increased significantly as the concentration of NDMA was increased in the culture. NDPA produced significant UDS in hepatocyte cultures from both PB-and PYRpretreated rats, suggesting that there may be some overlap in the substrate specificity of P450 isozymes in the activation of NDPA.
Genotoxicity of NDPA, NBPA and NDBA in t 24 primary cultures of rat hepatocytes
A statistically significant difference between the effects of NDMA, NDPA, NBPA and NDBA on freshly isolated and primary cultured hepatocytes was observed. The genotoxic potency of NDMA, NDPA, NBPA and NDBA for the hepatocytes decreased dramatically with increasing time in culture. A progressive reduction in DNA damage and repair due to NDMA, NDPA, NBPA or NDBA was observed in all the ? 2 4 and ?48 primary cultures of rat hepatocytes ( Figure 3 ). The UDS response decreased significantly in cultures from PBand PYR-pretreated rats during the first 24 h of incubation.
Although the UDS-inducing activity of NDMA decreased relatively little in primary cultures from PB-pretreated rats ( Figure 3B ), UDS in response to NDMA was decreased markedly in primary cultures from PYR-pretreated rats ( Figure  3C ). UDS induced by NDBA decreased dramatically in 48 h primary cell cultures from PB-pretreated rats ( Figure 3B ). The UDS-inducing abilities of NDPA and NBPA were significantly decreased in all primary cultures of hepatocytes with time, but the most significant changes were observed in primary cultures from PB-pretreated rats.
Decline in P450 content with time in primary rat hepatocyte cultures
To investigate the relationship between the concentrations of specific isozymes of P450 and the cytotoxic and genotoxic actions of NDPA, NBPA and NDBA, we examined the cellular levels of P450 2B1 and 2E1 in freshly isolated hepatocytes (r 0 ) and the primary cultured rat hepatocytes (^4 and t^) using specific antibodies for hepatic microsomal P450 2B1 and 2E1. We found that alterations in the sensitivities of the hepatocytes to the nitrosamines and their UDS-inducing activities were related to changes in cytochrome P450 2B1 and 2E1 levels. In freshly isolated hepatocytes from untreated rats P450 2B1 was not readily detectable by Western blot immunoquantitation ( Figure 4A to a fraction of its initial level ( Figure 4A, lane 7) . Following pretreatment with PYR there was a very significant increase in P450 2E1 content detected in t 0 hepatocytes from PYRpretreated rats when compared with those from untreated rats ( Figure 4B ). However, after 24 h in culture, the level of P450 Loss of the reduced carbon monoxide spectrum of P450 in hepatocytes during culture. Hepatocytes were isolated from a rat pretreated with PYR. The preparation of hepatic microsomes and measurement of total cytochrome P450 content were performed as described in Materials and methods. t 0 is the spectrum for freshly isolated hepatocytes, r 2 4 is the spectrum for 24 h primary cultured rat hepatocytes and f 4 g is the spectrum for 48 h primary cultured rat hepatocytes. The microsomal protein concentration for each determination was 0.15 mg/ml.
2E1 had decreased markedly compared with its time zero value ( Figure 4B , lane 6). The content of P450 2E1 also continued to decrease to a fraction of its original level after 48 h in culture ( Figure 4B, lane 7) . These changes in the levels of the P450 isozymes, as detected by Western blot analysis, paralleled changes in the total content of cytochrome P450 measured spectrophotometrically. A comparison of the reduced carbon monoxide spectra of hepatic microsomes from cell cultures at fr> t u and /4g prepared from a PYR-treated rat is shown in Figure 5 . As shown here, spectrally detectable cytochrome P450 disappeared precipitously with increasing time in culture. During the first day ~45% of the cytochrome P450 was lost and after 2 days incubation there was no spectrally detectable cytochrome P450.
Correlation of specific activity of P450 2B1 and 2E1 with UDS-inducing abilities of nitrosamines
To further investigate the relationship between the activities of specific P450 isozymes and the genotoxicity of NDMA, NDPA, NBPA and NDBA we examined P450 2B1-and 2E1-dependent activities in isolated rat hepatocytes using specific probes for these two isozymes (25, 28) . We observed that the decrease in the UDS-inducing activity of NDMA, NDPA, NBPA and NDBA occurred concomitantly with loss of cytochrome P450 2B1-and 2El-catalyzed activities in primary hepatocyte cultures (Figure 6 ). The O-depentylation of 7-pentoxyresorufin, an activity highly specific for P450 2B1 (28), was measured in hepatic microsomes prepared from freshly isolated, 24 and 48 h primary cultured hepatocytes. The rate of formation of 7-hydroxyresorufin produced by r 0 microsomes prepared from hepatocytes isolated from PBpretreated rats was 1.12 ± 0.1 nmol/min/mg microsomal protein. With t^ microsomes from the same batch of rat hepatocytes, however, the rate decreased to 0.45 ± 0.06 nmol/ min/mg microsomal protein ( Figure 6A ). The p-nitrophenol hydroxylation catalyzed by P450 2E1 (25) with microsomes prepared from hepatocytes isolated from PYR-pretreated rats decreased from 4.9 ± 0.3 nmol/min/mg microsomal protein in freshly isolated hepatocytes to 1.2 ± 0.1 nmol/min/mg microsomal protein for 24 h cultured hepatocytes and finally to 0.5 ± 0.2 nmol/min/mg microsomal protein for 48 h cultured hepatocytes ( Figure 6B ). Correlation analyses were done using a standard linear regression approach and correlation coefficients (r) were calculated. The correlations of the rates of 7-pentoxyresorufin Odepentylation in hepatic microsomes from PB-pretreated rats with UDS-inducing activity of NDPA, NBPA and NDBA were statistically significant (r > 0.99, P < 0.05) ( Figure 6A ), whereas there was no significant correlation between 7-pentoxyresorufin O-depentylase activity and the UDS-inducing activity of NDMA. The p-nitrophenol hydroxylation activity in hepatic microsomes from PYR-pretreated rats correlated well with the UDS-inducing activity of NDMA (r > 0.99, P < 0.05) and also showed some correlation with NDPA (r = 0.99, 0.05 < P < 0.1) ( Figure 6B ). However, it did not show any significant correlation with the longer chain nitrosamines NBPA and NDBA.
Discussion
The results from the cytotoxicity tests and the UDS assays revealed that both the cytotoxic and genotoxic effects of NDMA, NDPA, NDBA and NBPA for rat hepatocytes were greatly affected by treatment of rats with P450 inducers and the content of specific P450 isozymes in the cultures, clearly demonstrating a correlation between the activity of specific forms of P450 in hepatocytes and the genotoxic potency of NDMA, NDPA, NBPA and NDBA for those cells. The changes in the isozyme profile as a result of treatment with inducers of P450 or increasing time in culture selectively altered the genotoxic activity of these carcinogens for rat liver cells.
Rat hepatocytes have been shown to be a reliable system for assessing biological activity of chemical carcinogens and are responsive to induction of UDS due to DNA damage by A/-nitrosamines (18, 26, 29) . However, as shown here, the UDSinducing activities of NDPA, NBPA and NDBA for hepatocytes from untreated rats were relatively low and limited. In fact, exposure to NDBA produced no statistically significant UDS under our culture conditions. The relative insensitivity of hepatocytes from untreated rats to NDPA, NBPA and NDBA was observed concomitant with low activity of P450 2E1 and undetectable P450 2B1 in hepatocytes from untreated rats. Previous studies with liver microsomes from rats pretreated with various inducers of P450 and with a reconstituted system containing purified rat liver P450 2B1 or 2E1 have demonstrated that P450 2B1 is very active in catalyzing N-dealkylation of NDPA, NBPA and NDBA, whereas cytochrome P450 2E1 catalyzes demethylation and depropylation of NDPA and NBPA, but the specific activity is not high (L.Shu and P.F.Hollenberg, manuscript in preparation). The low level of expression of P450 2E1 or the absence of P450 2B1 in hepatocytes from untreated rats appears to be responsible for the very limited capability to metabolically activate NDPA, NBPA and NDBA by converting them to methyl-, propyl-or butylating species or other reactive metabolites that could damage DNA. NDMA, which has been reported to be efficiently metabolized by cytochrome P450 2E1 (30, 31) , induced a small amount of UDS in cell cultures from untreated rats. This appears to correlate with a 'constitutive' but low level of expression of cytochrome P450 2E1 in untreated rat livers. The potency of the nitrosamines for UDS induction in cultured hepatocytes from untreated rats was NDMA s= NDPA > NBPA > NDBA. The ability to induce UDS decreased as the alkyl chain length of the nitrosamines increased. This sequence for potency of UDS-inducing activity may reflect the relationship between the structures of these nitrosodialkylamines and their carcinogenic potency.
It is worth noting, however, that the order was completely reversed when the composition of the P450 isozymes was qualitatively altered by PB induction. In cultures from rats pretreated with PB the order of UDS potency for this group of nitrosamines was NDBA > NBPA > NDPA >> NDMA. This result appears to conflict with previous reports that the carcinogenic potency of nitrosodialkylamines is inversely related to their alkyl chain length (11, 32) . NDBA has long been recognized as a powerful urinary bladder carcinogen in many animal species (33) , despite the fact that it also produces tumors of liver, esophagus, lung and forestomach in rats and other animal species (11, 32) . However, genotoxicity tests showed that NDBA was the least mutagenic of the four nitrosodialkylamines after activation by urothelial cells of rats or mice (34) and that it could not induce DNA repair synthesis in either cultured rat or human hepatocytes (26) . The reason for the negative results was suggested to be the limited solubility of NDBA (26) . Our results suggest that the lack of a response toward NDBA in hepatocytes from untreated rats may be due to the absence of a form of P450 with NDBA dealkylating activity in uninduced rats. As we have shown, marked induction of P450 2B1 expression by PB in rat liver greatly increased the rate of metabolism of NDBA (L.Shu and P.F.Hollenberg, manuscript in preparation). Therefore, it appears that the high concentration of a reactive metabolite(s) of NDBA, such as the butylating agent, may be responsible for producing the maximum amount of UDS in rat hepatocytes from PB-pretreated rats. In addition, PB treatment markedly increased the UDS-inducing activities of NDPA and NBPA. This is in full agreement with the observation that cytochrome P450 2B1 is the primary enzyme responsible for jV-dealkylation of NDPA and NBPA (L.Shu and P.F.Hollenberg, manuscript in preparation). However, marked induction of 2B1 in rat liver with PB treatment did not significantly increase the UDSinducing ability of NDMA in rat hepatocyte cultures. Lee et al. (35) have reported that liver microsomes from PBpretreated rats were much less active in catalyzing demethylation of NDMA than microsomes from rats pretreated with ethanol, safrole, 3-methylcholanthrene or even from untreated rats. A similar result was also observed by Kawanishi et al. (36) . Apparently, the lack of specificity of cytochrome P450 2B1 for metabolic activation of NDMA accounts for the poor ability of NDMA to induce DNA damage-repair in cell cultures from PB-pretreated rats. It may also explain the effect of PB in the reduction of NDMA-induced liver tumors (37) . Therefore, our findings with respect to the relationship between activities of P450 isozymes and the genotoxic activity of the nitrosodialkylamines provide strong evidence that the presence of a specific cytochrome P450 may be a more critical factor than the chemical structure in mediation of the carcinogenic potency of these nitrosodialkylamines.
In contrast to the protective effects of PB, the increase in P450 2E1 expression with PYR dramatically increased the UDS-inducing activity of NDMA in all cultures. This provides further evidence to support the suggestion that substrate specificity and alkyl group selectivity of individual isozymes of P450 in bioactivation of N-nitrosamines selectively determine the metabolic fate of a nitrosamine and its carcinogenicity for a given cell. However, it is possible that the activation reaction of a given nitrosamine can be catalyzed by more than one isoform of cytochrome P450. Since PYR co-induces expression of P450 2B1 in rat liver in addition to enhancing P450 2E1 expression (16), prior treatment with PYR not only selectively potentiated the genotoxicity of NDMA, but also significantly affected the UDS-inducing activity of NDPA in culture. Both P450 2B1 and 2E1 have been shown to be involved in the metabolism of NDPA (L.Shu and P.F.Hollenberg, manuscript in preparation). The overlapping substrate specificity of these two P450 isozymes for metabolic activation of NDPA is responsible for the greatly elevated UDS-inducing activity of NDPA in cultures from PYR-pretreated rats. As expected, co-induction of cytochrome P450 2B1 by PYR also increased the potency of NBPA and NDBA for UDS in cultures from PYR-treated rats, but to a lesser extent. The present work demonstrates that P450 2B1 and 2E1 both play important roles in metabolism-mediated activation of NDMA, NDPA, NBPA and NDBA.
Furthermore, increased expression of P450 2B1 and 2E1 in rat hepatocytes markedly increased the cytotoxicity of NDMA, NDPA, NBPA and NDBA in cultured hepatocytes. Presumably the increase in cytotoxicity of these nitrosodialkylamines was mediated by their reactive metabolites generated by cytochrome P450. The observed TC 50 values indicate that the cytotoxic severity of the four nitrosamines, like the genotoxic potency, was related to changes in P450 2B1 and 2E1 contents and activities in the cultures. The loss of cytochrome P450-dependent dealkylation activity in culture protected rat hepatocytes against both genotoxicity and cytotoxicity induced by NDMA, NDPA, NBPA and NDBA. These results point to an important role of cytochrome P450 in the cytotoxicity of Nnitrosamines. However, we cannot rule out another mechanism^) that may be involved in the cytotoxicity of NDPA, NBPA and NDBA in culture. Assuming that the TC50 value reflects the cytotoxic severity of a test nitrosamine, we could not establish a parallel relationship between cytotoxic potency, TC50 and genotoxic potency of the four jV-nitrosamines. In cultures from untreated rats NDBA was 20-fold more cytotoxic than NDMA, but the UDS-inducing activity of NDBA was much lower than NDMA. In cultures from PYR-treated rats TC50 values were similar for all four nitrosamines, but NDMA induced a much greater amount of UDS than the others. It was apparent that rat hepatocytes were more tolerant of genetic damage induced by nitrosodialkylamines with shorter alkyl chains than damage due to longer ones. It could be possible that a lower efficiency in repair of DNA lesions caused by longer alkylating intermediates (38) increased the cytotoxicity of NDPA, NBPA and NDBA, especially NDBA, or highly reactive metabolites of NDPA, NBPA and NDBA could covalently bind to other biologically important macromolecules, such as proteins, RNA, lipids or glycogen, leading to lethal damage to rat hepatocytes.
In conclusion, the present study demonstrates that the intrinsic carcinogenic potency of NDMA, NDPA, NBPA and NDBA as measured directly by damage to DNA is well correlated with the activities of cytochromes P450 2B1 and 2E1 and that induction of these two P450 isozymes mediates the enhanced genotoxicity and cytotoxicity elicited by NDMA, NDPA, NBPA and NDBA.
